INJURY TO THE LUNG EPITHELIUM can be caused by bacterial or viral infections, inflammation, allergic reactions (asthma), exposure to xenobiotics (e.g., cigarette smoke), physical trauma (mechanical ventilation), cancer, or pathology of unknown origin (idiopathic fibrosis). Depending on the nature of the injury, lung repair mechanisms are initiated immediately following the insult and include an acute inflammatory response involving cytokine release, immune cell recruitment, and activation of the coagulation cascade (Fig. 1) . Injury can occur in both proximal and distal airways, but the initial response of epithelial cells in different regions is similar: nearby progenitor cells migrate and spread to cover denuded surfaces. During the progression of the wound repair process, these localized progenitor cells, as well as newly recruited circulating progenitor cells, proliferate and undergo phenotypic differentiation to reestablish the integrity and functional organization of the epithelial layer. While the early repair processes in response to various types of injury are similar, the response to persistent injury may vary markedly in different regions of the lung due to variations in tissue architecture, matrix properties, level of oxygenation, proximity to the vasculature and/or lymphatics, presence of surfactant or mucous secretions, mechanical properties of underlying parenchyma, and the type of resident progenitor cell in different regions. Such regional differences when coupled with persistent injury may contribute to the pathology of lung diseases. For example, repeated exposure to cigarette smoke elicits a chronic cycle of injury and repair that leads to significant changes in the structure, function, and gene expression of airway and alveolar epithelial cells that contributes to chronic obstructive pulmonary disease (COPD) in a subset of smokers (reviewed in Refs. 24, 63, 125, 129, 132, 158) . Others have outlined a process in which a repetitive or recurrent injury to the alveolar-capillary membrane causes loss of basement membrane integrity and activation of fibroblasts/ myofibroblasts that results in dysregulated and exaggerated repair processes leading to fibrosis (61, 160, 191) . Similarly, there is growing support for the hypothesis that inappropriate repair of airway epithelial cells following repeated exposures to allergens or other environmental toxins drives airway remodeling and hyperresponsiveness in asthma (26, 58, 64, 65, 100) . In this review, we describe the different types of progenitor cells that facilitate lung epithelial repair, as well as the processes of spreading, migration, proliferation, and differentiation. We also discuss the major signaling pathways that have been shown to regulate these repair mechanisms in the lung and how interactions among these pathways can lead to dysregulated repair.
EPITHELIAL RESTITUTION
As described above, epithelial restitution involves spreading and migration of neighboring epithelial cells to cover the denuded area, and this is followed by migration and proliferation of progenitor cells to restore cell numbers and differentiation to restore function (125, 161, 179, 198, 200, 201) . In the airways, the first 12-24 h after injury involve cell spreading and migration as the primary repair mechanisms, while proliferation begins by 15-24 h and continues for days to weeks. This has been demonstrated in vivo by examining epithelial wound repair in the guinea pig (36 -38, 76) and rat (67) trachea. The recovery of a pseudostratified epithelium may require several weeks (34) . In vivo repair of the alveolar epithelium has been more difficult to examine, and most studies have focused on alveolar type II (ATII) cell proliferation as an index of repair (115, 130, 196) . Thus, considerably less is known about the early mechanisms of epithelial repair at the alveolar level. However, the progression of spreading, migration, and proliferation has been demonstrated using cultured ATII cells (72) . Nevertheless, one of the major challenges in the field is the development of models and methods to examine epithelial repair mechanisms directly in the lung, particularly in the alveoli.
The concept that the initial wound closure of pulmonary epithelial cells occurs primarily by mechanisms involving cell spreading and migration is supported by studies involving other types of epithelium including kidney (MDCK) (45) , cornea (25) , and gut (101) . The mechanisms of epithelial wound healing involve interactions between initiating factors, extracellular matrix (ECM) components, signaling pathways, and structural components, some of which are discussed in more detail below. The dynamic remodeling that occurs during cell spreading and migration relies upon the establishment of directional polarity of the migrating cells and extension of filopodial and lamellipodial protrusions in the direction of migration (71, 80, 88, 139) , and RhoA and Rac1 are prominent signaling intermediates in these processes. During cell movement into the wound area, the actin cytoskeleton interacts with focal adhesion complexes and integrins. Integrins associate with ECM components and provide traction for the cell as it pulls forward. The driving force for this mechanism is the contraction of actomyosin complexes. It has been suggested that the actin bundles at the wound edge can serve to distribute forces created by actively moving cells more evenly to nearby cells (45) . We previously observed the formation of these prominent actin bundles at the wound edge of both human bronchial epithelial cells (28) and rat ATII cells (29) . Adhesion sites provide the traction for the cells during these processes and act as the signaling fulcrum between the ECM and cellular cytoskeleton. Two types of adhesion sites have been described: focal adhesions that connect to actin stress fiber bundles, and focal complexes that associate with actin filament networks and filopodia (154) . Focal complexes can become focal adhesions through changes in activity of members of the Rho GTPase family (142) .
PROGENITOR CELLS
While eye, gut, and skin epithelia constantly renew by proliferation and migration of stem cells, lung epithelial cells renew slowly and are stimulated to self-renew upon injury (39, 41, 51, 52, 66, 136, 161 ). Measurements of [ 3 H]thymidine incorporation indicated that less than 1% of mouse bronchiolar epithelial cells entered S-phase in 24 h, and this rate increased Ͼ10-fold upon injury (134) . Similar measurements of bromodeoxyuridine (BrdU) incorporation in rat lungs indicated labeling indices of 0.7% and 0.3% for alveolar and bronchial epithelial cells, respectively (195) . In the airways, non-ciliated epithelial Clara cells of the lung are believed to function as Fig. 1 . Sequence of events in epithelial repair. Following injury, macrophages, neutrophils, and localized stem cells become activated, and growth factors, cytokines, interleukins, and matrix materials are released. Some of these factors recruit other immune cells to the site of injury. Cells adjacent to the site of injury secrete extracellular matrix (ECM) through integrin and growth factor signaling, reorganize their cytoskeleton to facilitate movement, secrete MMPs that degrade cell-matrix attachments, and spread and migrate along the autologously secreted provisional matrix using filopodial and lamellipodial extensions. Both localized and recruited progenitor cells proliferate and continue to secrete ECM. Dysregulated repair may lead to epithelial-mesenchymal transition (EMT) and fibrosis. Resolution occurs by means of cell cycle arrest, apoptosis, disappearance of immune cells, and deactivation of macrophages.
facultative progenitor cells, normally quiescent but capable of returning to proliferation after attrition or injury (161) . Such cells, determined by pulse-chase experiments to be proliferating, were devoid of secretory granules and smooth endoplasmic reticulum (39, 41) . After replenishment of ciliated cells, the Clara cell is believed to return to quiescence. Redifferentiation occurs days after epithelial injury, reestablishing mucociliary function (39) . At the alveolar level, the ATII cell is generally considered to be the facultative progenitor cell for the recovery of both the type I (ATI) and type II pneumocyte pools, with the capability to differentiate into ATI cells following lung injury (105, 106, 163) . However, it should be pointed out that the evidence in support of the role of ATII cells as progenitors is based in part on early studies showing increased ATII cell proliferation following injury and the incorporation of 3 H-thymidine in ATII cells followed by incorporation into ATI cells (2, 40) . Further support has been provided by studies demonstrating that primary cultures of ATII cells are capable of differentiating into ATI-like cells (9, 10, 33, 69, 138) . However, new evidence has emerged that rat ATI cells also proliferate, express Oct4 (a pluripotency marker), and show phenotypic plasticity in vitro (54, 127) . Kim et al. (74) have described bronchioalveolar stem cells isolated from the bronchoalveolar duct that putatively maintain both Clara cells and alveolar epithelial cells, but others have suggested a clear distinction between these two cell compartments (161) . Thus, definitive identification of alveolar progenitor and stem cells remains elusive and is an important challenge in the field.
While the localization and identification of adult epithelial progenitor/stem cells in the lungs is ongoing, several niche populations have been studied (reviewed in Refs. 99, 161, 178) primarily through rodent models of lung injury. Liu and Engelhardt (99) propose five putative stem cell niches in the mouse lung that include an unidentified cell type in the submucosal glands of the proximal trachea (35) , basal cells within the intercartilagenous zones of the trachea and bronchi (11, 141, 151) , variant Clara cells (Clara v ) associated with neuroendocrine cells that form neuroepithelial bodies residing in the bronchioles (66, 135) , Clara v cells associated with bronchiolar alveolar duct junctions (52, 74) , and ATII cells in the alveoli. Recent reports have suggested other stem cell niches in the lungs that participate in the repair of airway epithelium. In mice after naphthalene wounding, ciliated bronchiolar epithelial cells, previously believed to be terminally differentiated, underwent squamous metaplasia with upregulated expression of transcription factors active during lung embryogenesis (␤-catenin, FOXA2, FOXJ1, SOX17, SOX2) growing and spreading underneath Clara cells (119) . The authors suggested that ciliated epithelial cells differentiated into both ciliated and non-ciliated cell types to repopulate the airway epithelium. In contrast, Rawlins et al. (130) found through heritable marker lineage-tracing experiments using FOXJ1CreEr 2T mice that ciliated cells did not function as progenitors during development or after treatment with naphthalene or sulfur dioxide. However, other studies have demonstrated that ciliated cells morphologically differentiated into mucous-secreting cells in acute asthma or viral infection models (131, 167) . Thus, there are still many unanswered questions regarding regional differences in cells responsible for maintenance and repair. Furthermore, the specific identification and localization of stem cell niches in the lung is complicated by the possibility of sequestering microenvironments that may be necessary to maintain epithelia with a relatively slow rate of turnover (161) .
In addition to stem cell niches located within the lungs, several groups have provided intriguing evidence suggesting that bone marrow-derived stem cells (BMSC) can engraft into the lungs and differentiate into lung epithelial cells (reviewed in Ref. 86) . One in vitro study demonstrated the capability of BMSC to express markers of bronchial epithelial cells and to repair an injured epithelial layer (155) , whereas another proposed a model for the correction of the Cl Ϫ transport defect in cystic fibrosis patients using BMSC that had differentiated into lung epithelial cells (177) . Several groups have suggested that BMSC may be useful in repair mechanisms following lung injury, but the mechanisms of engraftment and differentiation are poorly understood, and the results may depend on the injury model, the route of delivery, and the population of BMSC used. One group suggested that transplanted BMSC differentiated into ATI cells following bleomycin injury in mice (85) , but no differentiation was seen in later studies by the same group using an irradiation model; the authors suggested that the earlier results may have been due to an artifact in the staining of the tissue (84). Ortiz and collaborators (114) used an enriched population of BMSC that were depleted of hematopoietic cell types, and demonstrated lung engraftment following bleomycin injury, the presence of donor-derived cells among isolated ATII cells, and reduced bleomycin-induced injury. Liebler et al. (98) showed that human BMSC were retained in the distal portion of the lungs in bleomycin-treated mice, suggesting that these cells could repopulate alveoli. Other groups have demonstrated attenuation of endotoxininduced lung injury utilizing BMSC in mice (57, 194) . A recent study demonstrated that allogeneic human BMSC or media conditioned by these cells was capable of restoring alveolar fluid clearance in isolated perfused human lungs following endotoxin-induced injury (91) . Finally, a subpopulation of epithelial-like BMSC from humans and mice was identified that expressed CCSP (Clara cell specific protein) and alveolar type I and II markers, homed to the lung after naphthaleneinduced injury, and successfully repopulated the airways of lethally irradiated mice (193) . There are thus sources exogenous to the lung functioning as stem cell reservoirs able to repair the lung epithelium. The underlying mechanisms for recruitment and phenotypic differentiation, however, remain to be established.
PATHWAYS OF EPITHELIAL REPAIR
The process of epithelial repair outlined above is complex, involving interactions between multiple initiating factors, soluble ligands, structural elements, signaling pathways, and the mechanical environment. In the sections below, we will examine some of these components and how these interactions occur in bronchial and in alveolar epithelium. Figure 2 illustrates these repair processes in the airways, some specific cell types involved, and their roles, and Table 1 summarizes some of the many factors and pathways that have been shown to be involved in epithelial repair. While this review cannot exhaustively discuss all possible components and interactions, in the following sections we will focus on a limited number for which there is evidence of importance in the lung.
Growth Factors, Cytokines, and Other Soluble Factors
Injury to lung epithelium and the ensuing inflammatory response causes the release of a wide variety of soluble factors from fibroblasts, endothelial cells, macrophages, and the injured and neighboring epithelial cells, as well as from the underlying matrix and from plasma exudate. The milieu of soluble factors that participate in epithelial repair includes growth factors, cytokines, chemokines, interleukins, prostaglandins, and matrix components. The majority of studies examining these soluble factors have focused on the response of cultured cells, and our understanding of the role of these factors is limited by a lack of precise knowledge about their cellular source and the spatial and temporal regulation of their activity in vivo. It is important to recognize that the conditions regulating the responsiveness of specific cells to these factors have not been clearly elucidated. However, they serve important roles in each of the processes of repair, some of which are described below.
Epidermal growth factor family. Several members of the epidermal growth factor (EGF) family of growth factors have been shown to participate in epithelial repair. In the airways, expression of EGF, transforming growth factor-␣ (TGF-␣), and the EGF receptor (EGFR) were upregulated within 1-2 days of naphthalene injury in the distal bronchioles of mice, and EGFR expression began to decrease 4 -7 days after injury (171) . EGF and TGF-␣ were both shown to stimulate proliferation of cultured neonatal rabbit ATII cells (143) , and Leslie and collaborators (95) found that heparin-binding EGF (HB-EGF) was mitogenic for rat ATII cells. Lesur et al. (96) demonstrated that rat ATII cell migration was stimulated by EGF in the absence of commitment to proliferation. Using cultured rat alveolar epithelial monolayers, Kheradmand and colleagues (72) demonstrated that cell spreading was more important than cell migration in wound closure and that both serum and TGF-␣ significantly increased wound closure following a scratch wound. Soluble TGF-␣ was found to be present in the pulmonary edema fluid of patients with acute lung injury (ALI) (20) , and subsequent studies demonstrated that edema fluid from ALI patients also stimulated the repair of wounded human A549 cell monolayers (48) . This group found that cell spreading and motility in a wounded rat ATII monolayer were enhanced by the addition of soluble fibronectin and that wound healing was stimulated by IL-1␤ via a pathway that was EGF or TGF-␣ dependent (49). Trinh et al. (164) found that EGF stimulated KATP and KvLQT1 currents and channel expression via the EGFR in an autocrine fashion in primary rat alveolar type II cells. They subsequently found that bronchial epithelial cell migration was significantly lower in cells isolated from cystic fibrosis patients compared with cells from controls and that this decrease correlated with decreased EGFR activation and decreased K ϩ currents (165) . Thus, expression of EGFR and EGF family peptides appears to increase in response to lung injury, and these peptides stimulate proliferation, spreading, and migration of lung epithelial cells. There is still much to learn about the interactions between EGFR and downstream signaling pathways and how these regulate repair.
EGFR in epithelial repair in asthma. Studies have suggested that EGFR signaling may be altered in asthma and thus affect epithelial repair. EGFR immunoreactivity was found to be significantly higher in the epithelium from biopsies of patients with mild and severe asthma compared with normal subjects (126) . These authors and others have demonstrated EGFstimulated migration of bronchial epithelial cells (77, 126) . Although ␤ 2 -adrenergic agonists are commonly used in the treatment of asthma, one group found that isoproterenol attenuated EGF-stimulated wound closure of bronchial epithelial cells (150) . Using an in vitro human bronchial epithelial model (1HAEo-cells), mechanical injury was shown to cause secretion of EGF and HB-EGF, and the release of HB-EGF (but not (4) closing the wound and reestablishing intact barrier function. TGF-␤ signaling results in trans-differentiation of epithelial cells to myofibroblasts (MY), the EMT, and the initiation of a chronic inflammatory response (5) with further elaboration of ECM. During resolution (6), immune cells disappear from the site of injury, macrophages are deactivated, cells differentiate, and hyperproliferation is reduced through apoptosis, allowing tissue remodeling (7). (17) Wild-type and null MMP-7 mouse AEC cultures Duox-1-dependent stimulation of migration (184) NHBE, HBE1 MMP-9
Increased MMP-9 protein after arsenic exposure and decreased migration; MMP-9 inhibition enhanced wound repair (113 (103) 1°mouse ATII, 1°differentiated ATI-like cell EGF) was dependent on IL-13, which caused indirect activation of the EGFR (4). IL-13 has also been shown to stimulate proliferation of primary human bronchial epithelial (HBE) cells through mechanisms involving TGF-␣ (8). Given the important role of IL-13 in the pathogenesis of experimental asthma (55, 192) , these findings suggest a potential role for IL-13-dependent HB-EGF secretion and HBE proliferation in dysregulated bronchial epithelial repair in asthma.
Fibroblast growth factor family. Three members of the fibroblast growth factor (FGF) family play important roles in epithelial repair in the lungs (reviewed in Ref. 180): keratinocyte growth factor (KGF), hepatocyte growth factor (HGF), and FGF-10. HGF levels were shown to be increased in the pulmonary edema fluid from patients with ALI compared with fluid from patients with hydrostatic edema fluid, but KGF levels were unchanged (172) . In contrast, it was recently reported that the bronchoalveolar lavage fluid (BAL) of patients with ALI or acute respiratory distress syndrome (ARDS) contained increased levels of both HGF and KGF (128) and that the BAL elicited upregulation of HGF and KGF mRNA and protein in cultured fibroblasts. HGF is a known mitogen for rat ATII cells in vitro (104) and in vivo (117) . HGF inhibited the formation of basement membrane and stimulated both proliferation and migration of immortalized ATII cells (46) ; however, HGF increased cell migration but not proliferation during human nasal epithelial repair in vitro (199) , suggesting that epithelial cells from different locations may display differing responses to HGF. Takami et al. (162) reported that HGF stimulated proliferation of a human bronchial epithelial cell line (BEAS-2B) and that the MEK-ERK signaling pathway was necessary but not sufficient for this stimulation. Another group also reported stimulation of human bronchial epithelial cell proliferation by HGF that was dependent on increased cyclooxygenase-2 (COX-2) expression mediated by an Akt-, MAPK-, and ␤-catenin-dependent pathway (93) . In addition, HGF has been shown to be important in the differentiation of cultured human bronchial epithelial cells (111) . Thus HGF has been demonstrated to produce pleiotrophic effects mediated by MAPK, eicosanoids, and ␤-catenin pathway elements.
KGF is protective against injury and accelerates repair. KGF has a well-documented role in lung development, and 1°, primary; BE, bronchial epithelium; TEC, tracheal epithelial cell; ATII, alveolar epithelial type II; ATI, alveolar epithelial type I; A549, human lung carcinoma A549 cell line; 1°BPE, primary bovine bronchial epithelial cells; 16HBE, human bronchial epithelial cell line (16HBE14o-); 1°HBEC, primary human bronchial epithelial cells; CTE, primary feline airway epithelial cell line; BEAS-2B, human bronchial epithelia cell line; GP, guinea pig; AEC, airway epithelial cell; BEC, bronchial epithelial cell; BMSC, bone marrow-derived mesenchymal stem cells; 1HAEo Ϫ cells, human airway epithelial cell line (SV40-transformed); PBEC, primary porcine bronchial epithelial cells; BPE, bovine pulmonary epithelial cells; IPF, idiopathic pulmonary fibrosis; CA, constitutively active; DN, dominant negative.
targeted expression of KGF in lung epithelium causes extensive pulmonary malformation and embryonic lethality (153) . The protective effects of KGF against injury were first reported by Panos et al. (115) using rats exposed to hyperoxia, and subsequent studies have demonstrated protection against several different types of injury (reviewed in Ref. 180) . KGF also accelerates repair mechanisms in lung epithelium following injury. As in the case of HGF, KGF is mitogenic for ATII cells in vitro and in vivo (115, 118, 168) and also stimulates ATII cell migration and enhances ATII cell adhesion (30, 47) . When administered intratracheally to rats before isolation of alveolar epithelial cells, KGF stimulated wound closure in cultured monolayers primarily by increasing cell spreading and migration at the wound edge, and increased cellular adhesion in an EGFR activation-dependent manner (5). We also found that KGF increased the rate of wound closure of bronchial epithelial cell monolayers by stimulation of cell spreading and migration, and further, that these effects were blocked by inhibition of protein kinase C. KGF treatment also overcame the inhibitory effects of cyclic mechanical stretch on epithelial repair (181) . Using a tracheal transplant model in mice, Gomperts and colleagues (53) showed that KGF accelerated the repair of injured tracheal epithelium. These studies clearly demonstrate the beneficial effects of KGF in repair following lung injury. Fehrenbach et al. (42) have suggested that the effects of KGF on proliferation in the airways may be restricted to Clara cells. Hyperplasia of ATII cells stimulated by KGF treatment in rats resolved spontaneously by differentiation of type II to type I cells or by apoptosis (43, 44) . FGF-10 shares many similarities with KGF and moreover has been shown to reduce ATII cell DNA damage caused by mechanical stretch or H 2 O 2 through mechanisms involving MAPK activation via the Grb2-SOS-Ras/RAF-1-ERK1/2 pathway (169, 170). While KGF and other members of the FGF family have clear protective roles against injury and may accelerate repair, their potential clinical utility for lung injury is uncertain. As discussed by Ware and Matthay (180), lung injury is generally not anticipated, except potentially in response to chemotherapy or radiation therapy, and so its usefulness for pretreatment may be limited. However, we previously demonstrated that KGF also partially prevented the loss of barrier function of cultured airway epithelial cells when given after exposure to either radiation or hydrogen peroxide (147, 182) , and a recent study suggested that restoration of alveolar barrier function by postinjury treatment with allogeneic BMSC was dependent on release of KGF (91) . Thus, given the potential restorative capabilities of KGF, it might be useful in the treatment of ALI in which epithelial repair is essential for recovery.
Mediators of inflammation: chemokines, eicosanoids, interleukins.
Other soluble factors that are normally associated with inflammation have also been shown to participate in epithelial repair mechanisms. Expression of the chemokine receptor-3 (CCR3) was found to be increased in bronchial biopsies from asthmatics, and treatment of primary HBE cells and cell lines (BEAS-2B and 16HBE14o-) with CCR3 ligands stimulated wound closure (6) . Since repair processes are considered to be compromised in asthmatic airways, the upregulation of CCR3 may be a compensatory mechanism to enhance repair. CCR2 was expressed in isolated mouse ATII cells, and treatment with a CCR2 ligand (monocyte chemoattractant protein-1; MCP-1) stimulated repair in wounded monolayers (23) . We previously demonstrated that inhibition of COX-1 or COX-2 essentially blocked wound closure of human and feline airway epithelial cells and that wound closure was restored by addition of PGE 2 (144) . Sustained effects on wound closure were observed when COX was inhibited only at the beginning of the repair, suggesting that eicosanoids participate in early wound healing events.
Interleukin effects may be context sensitive. Interleukins have also been shown to participate in repair processes in the lung, but in some cases differing responses have been reported. Inflammatory mediators such as interleukins are increased in asthma and in ALI. IL-1␤ has been shown to augment the repair of injured rat ATII cells (49) and A549 cells (48) , and the MAPK inhibitor PD-98059 blocked this stimulation in ATII cells. White and collaborators (186) found that IL-1␤ accelerated the migration of an HBE cell line (16HBE14o-) and primary differentiated HBE cells, but this effect was not observed in cells isolated from asthmatics. IL-1␤-stimulated migration was also reduced using an siRNA approach to decrease the expression of the p65 component of NF-B, suggesting that the cells from asthmatics might have compro- (4) showed that IL-13 stimulated HB-EGF release, activation of EGFR, and enhanced the repair of wounded 1HAEo-cells. Also, White and collaborators (187) found that IL-4 stimulated the migration and repair of differentiated primary HBE cells through mechanisms involving insulin receptor substrate (IRS)-1 or IRS-2 but not the transcription factor STAT6 (signal transducer and activator of transcription-6). Differences in responsiveness of Calu3 cells compared with primary cultures or other cell lines may explain the above differences in response to IL-4 and IL-13. Another proinflammatory compound, IL-2, was shown to increase the migration of injured rat ATII cells and reduce apoptosis of these cells through mechanisms dependent on extracellular signal-regulated kinases (ERKs) (97) . The effects of IL-2 were enhanced by pretreatment with the innate immune modulator IFN-␥. Coupled with the finding that BALF from asthmatics contained increased levels of IL-2, IL-3, IL-4, IL-5, and granulocyte/macrophage colony-stimulating factor (GM-CSF), but not IFN-␥ (140) , and that epithelial repair is thought to be dysregulated in asthmatic airways, there remain many questions about the role of inflammatory mediators in epithelial repair.
Matrix, Integrins, and Glycoproteins
During the early stages of epithelial restitution, the processes of cell spreading and migration involve coordinated movement of cells in which adhesion sites between the cells and the substrate are alternately formed and released as the cells contract and advance forward. The matrix beneath the cells undergoes remodeling during the repair process, and components within this matrix interact with cellular integrin receptors to regulate cell migration, proliferation, and differentiation (reviewed recently in Ref. 19 ). For example, in the early stages of epithelial restitution, cells migrate on a provisional matrix composed of serum fibronectin and fibrinogen. Antibody blocking studies demonstrated the importance of tissue factor, fibrinogen, and factor XIIIA in the repair of normal HBE cells and 16HBE14o-cells (121) . Although space limitations preclude an extensive discussion, integrins and matrix enzymes play a major role in epithelial repair, and several are discussed below.
Integrins regulate cell migration. The adhesion and migration of cells upon the underlying matrix involves cell surface receptors such as integrins that consist of ␣-and ␤-subunits, and interactions between matrix components and integrin subunits affect epithelial repair mechanisms in the lung. Pilewsky et al. (122) used an in vivo xenograft model of human bronchial epithelium to demonstrate increased expression of the ␣ v -, ␤ 5 -, ␤ 6 -, and ␣ 5 -integrin subunits in cells migrating at the wound edge. Kim and collaborators (75) used antibody blocking studies to demonstrate that migration of rat ATII cells on fibronectin was partially mediated by ␣ v ␤ 3 -and ␤ 1 -integrins, and that migration on type I collagen was dependent on ␣ 2 ␤ 1 -integrin. A similar approach using 16HBE14o-cells showed that EGF-stimulated migration and spreading on collagen IV was blocked by antibodies to ␣ 2 -, ␣ 3 -, ␣ 6 -integrins and that the ␤ 1 -integrin subunit was required for migration on laminin-1 or laminin-2 (185) . Together, these studies demonstrate that cell migration is regulated in part by the identity of the integrin subunits and their interaction with the underlying matrix. Vitronectin is a component of extracellular matrix that promotes cell adhesion and migration through binding to several different ␣ v -integrins. Adair and collaborators (1) found that inter-␣-trypsin inhibitor (IaI), found in serum protein, binds to vitronectin and promotes the repair of wounded A549 and BEAS-2B cells. Dystroglycan is a glycosylated extracellular protein that functions as a lectin and was found to increase in expression 12 h after wounding of 1HAEo-cells and to regulate cell migration (189) . Integrins may also function as activators of other factors that regulate wound closure. Neurohr et al. (112) found that ␣ v ␤ 6 -and ␣ v ␤ 8 -integrins were expressed on airway epithelial cells and were capable of activating TGF-␤1, which resulted in decreased wound closure. Thus, although several specific integrins have been identified in epithelial repair processes, there are still gaps in our knowledge regarding the overall integration of integrin expression, regulation, and activation.
Matrix metalloproteinases are activated during repair. The matrix metalloproteinase (MMP) family of enzymes is not normally expressed in healthy tissues (except, importantly, MMP-7), but the expression of these enzymes is upregulated during most repair processes. MMPs are involved in remodeling of extracellular matrix and facilitate cell migration, and several members of this family have been implicated in lung epithelial repair mechanisms. Treatment of A549 cells or primary rat ATII cells with exogenous MMP-1 caused decreased cell adhesion and cell stiffness and increased cell migration on type I collagen (123) . The expression of MMP-7, or matrilysin, is known to be upregulated in migrating airway epithelial cells (120) , and MMP-7 facilitates E-cadherin ectodomain shedding from injured airway epithelial cells (107) . MMP-7-mediated stimulation of airway epithelial cells is negatively regulated by tissue inhibitor of metalloproteinases-1 (TIMP-1) (18), and MMP-7 shedding of syndecan-1 from mouse airway epithelial cells was shown to facilitate wound closure by altering the conformation of the ␣ 2 ␤ 1 -integrin (17) . MMP-9 has also been shown to stimulate the repair of bronchial epithelial cells in vitro (94) , and MMP-9-mediated stimulation of HBE cell migration was shown to be dependent on the activation of dual oxidase 1 (Duox1) (184) . In contrast, exposure of 16HBE14o-to arsenic caused increased MMP-9 activity and expression and decreased cell migration, whereas inhibition of MMP-9 enhanced wound repair (113) . Another group previously found that plasminogen activator inhibitor-1 (PAI-1), another protein associated with matrix degradation, decreased the repair of ATII cells by binding to vitronectin (89) . In support of the role of PAI-1 in epithelial repair, Stevens et al. (159) showed that primary bronchial epithelial cells from pediatric asthmatics exhibited significantly reduced wound repair compared with cells from healthy control subjects, and this correlated with a significant increase in PAI-1 mRNA and protein expression. Interestingly, gene silencing of PAI-1 decreased wound repair of cells from healthy controls, but had little effect on cells from asthmatics. In a study of KGF-stimulated repair of rat ATII cells it was found that wound healing was decreased by inhibition of PAI-1 activity, but the proteolytic activity of urokinase plasminogen activator (uPA) and plasmin were required for efficient wound healing (102) .
Although substantial progress has been made in identifying matrix and structural components involved in epithelial repair, many unanswered questions remain. Some of these include fundamental questions in biology such as how cells organize matrix and in turn how matrix regulates the functional activity of different cell types during repair. A question of particular relevance in the lungs is how the physical/mechanical environment interacts with the biochemical environment. For example, diseases such as pulmonary fibrosis and chronic obstructive pulmonary disease (COPD) involve changes in the local mechanical environment of the lung, and the progression of the disease may involve an imbalance between the activation of MMPs and their inhibitors caused by changes in mechanics. Furthermore, potential interactions between biochemical and mechanical signals are important in light of the fact that many in vitro studies involve cells grown on a substrate that is an order of magnitude greater in stiffness than native tissue.
Signal Transduction Intermediates and Pathways
While there has been extensive study of the many factors (growth factors, cytokines, integrins, matrix components, etc.) that are involved in epithelial repair mechanisms, the signal transduction intermediate pathways that are activated by these factors have received less attention. Using a naphthalene injury model in mice, Watkins et al. showed extensive activation of the sonic hedgehog (Shh) signaling pathway during repair of the airway epithelium, and, interestingly, this pattern of activation was similar to that observed during normal airway development (183) , prompting discussions of whether repair actually recapitulates ontogeny. Shh signaling has also been implicated in the epithelial-mesenchymal transition (EMT), and this is discussed below. Targeted deletion of either STAT3 or GP130 (glycoprotein 130) from pulmonary epithelial cells resulted in compromised repair of the bronchial epithelium following naphthalene injury (73) . This study also showed that in vitro migration of airway epithelial cells was inhibited by expression of dominant-negative STAT3 and was stimulated by expression of wild-type STAT3. Another intermediate in cell signaling that has been shown to affect wound closure is phosphoinositide-3 kinase (PI3-kinase), a known regulator of cell motility. PI3-kinase activity is suppressed by PTEN (phosphatase and tensin homolog deleted on chromosome ten), and inhibition of PTEN, expression of a dominant negative form of PTEN, or siRNA directed against PTEN caused accelerated wound closure of primary human airway epithelial cells (87) . Adding to this evidence, we recently showed that inhibition of PI3-kinase or expression of a dominant negative form of PI3-kinase in 16HBE14o-cells caused decreased cell migration following injury (31) . These studies highlight the importance of PI3-kinase/PTEN signaling in airway epithelial healing and the need for further study of this pathway. Another key intermediate, ␤-catenin (discussed in more detail below), is an essential mediator of the classical Wnt signaling pathway, regulating the differentiation of respiratory epithelial cells in vivo (109) and cell fate during branching morphogenesis in the lung (110) . In vitro wound closure of bovine bronchial epithelial cells was inhibited by overexpression of glycogen synthase kinase 3␤ (GSK3␤), while overexpression of ␤-catenin, which is known to be phosphorylated and downregulated by GSK3␤, promoted wound closure (203) . In this study, scratch wounding was followed by nuclear translocation of ␤-catenin, which promoted the expression of cyclin D1 (indicative of cell proliferation). As is true in the broader context of wound healing, the spatial localization and activation of these signaling intermediates, both within a particular cell and within the tissue structure, is essential to regulate the repair process. However, our current knowledge of the spatial biology of these processes within the lungs is limited.
Rho GTPases regulate cytoskeletal remodeling and cell contraction. Cytoskeletal remodeling is important in each of the processes associated with wound healing. Actin remodeling, formation and turnover of adhesion sites, and actomyosin contraction are all regulated by members of the Rho family of small guanosine triphosphatases (GTPases). RhoA is involved in the organization of actin into bundles and stress fibers, the formation of large focal adhesions, and the promotion of actomyosin tension through its action on myosin light chain phosphorylation. Rac1 stimulates the formation of focal complexes and polymerization of actin in lamellipodia, while Cdc42 performs a similar function in filopodia. While these GTPases have been widely studied in different tissues, and the specific roles vary from tissue to tissue, a limited number of studies have examined the role of GTPases in lung epithelial repair. Inactivation of RhoA by the bacterial toxin ExoT caused inhibition of wound repair in A549 cells (50) , whereas a decrease in RhoA activity caused by stimulation of protein kinase A stimulated bronchial epithelial cell migration (156) . We found that expression of either a constitutively active (CA) or a dominant negative (DN) form of RhoA inhibited wound closure of 16HBE14o-cells, suggesting that normal repair requires an appropriate balance of RhoA activity (28) . Similar inhibition was found when wild-type Rac1 was overexpressed or when a dominant negative form of Rac1 was expressed. Inhibition of Rho kinase, the downstream effector of RhoA, stimulated cell migration. In another study we found that RhoA activity was increased in ATII cells isolated from rats following high tidal volume (25 ml/kg) mechanical ventilation, but this increased activity was blocked by treatment with KGF (30) . Expression of CA-RhoA in rat ATII cells inhibited wound closure, whereas expression of DN-RhoA stimulated wound closure, in contrast with the results from 16HBE14o-cells in which DN-RhoA caused decreased cell migration. We recently demonstrated that cell migration of rat ATII and A549 cells was inhibited by treatment with an inhibitor of Tiam1, a Rac1-specific guanine exchange factor (29) . As discussed above, it is important to recognize that the various activities of these molecules vary with location in the cells. For example, Rac1 may be more active at the leading edge of the migrating cell, whereas RhoA may be more active stabilizing adhesions for traction and generating tension in the more central regions of the cell. Studies that clarify these molecular functions and their localization will be key to understanding migration and wound healing in the lung.
MAP kinase pathways. Several of the factors that regulate lung epithelial repair utilize the mitogen-activated protein (MAP) kinase pathway. These serine/threonine protein kinases are involved in cell proliferation, differentiation, and migration. White and collaborators (188) showed that migration of primary human airway epithelial cells and 16HBE14o-cells on collagen-IV was decreased when cells were treated with inhibitors of p38 MAPK, JNK, or ERK1/2, and that both p38 and JNK were rapidly activated in cells near the wound edge. We recently showed that mechanical stretch-induced inhibition of cell migration involved a decrease in JIP3-induced JNK phosphorylation (32) . Inhibition of p38 MAPK also decreased chemotaxis of primary human airway epithelial cells and 16HBE14o-cells in response to the CXCR3 ligand I-TAC, but inhibition of ERK1/2 had no effect (152) . Another group found that stimulation of wound repair in cultured human bronchial epithelial cells by vasoactive intestinal peptide (VIP) was blocked by inhibition of ERK1/2 (56). Bove et al. (12) found that inflammatory levels of nitric oxide inhibited the migration of human bronchial epithelial cells in part because of a decrease in activation of ERK1/2. Interestingly, macrophage migration inhibitory factor (MIF) stimulated rapid and sustained ERK1/2 phosphorylation and proliferation in mouse ATII cells, but failed to do so in differentiated ATI-like cells (103) . Thus, the roles for specific members of the MAPK family in epithelial repair appear to vary in different tissues and in response to various activators. As in the case of differences in response to soluble mediators, activation of different MAPK pathways may be dependent on temporal and spatial variables such as integrin/matrix interactions and the presence of inflammatory mediators during repair.
Wnt, TGF-␤ Signaling, and Epithelial-Mesenchymal Transition
Wnt/␤-catenin signaling. The role of ␤-catenin-mediated wingless integration (Wnt) signaling is proving to be central to mechanisms of lung healing in fibrosis, cancer, and stem cell maintenance (62, 79, 82, 124, 133, 190) . ␤-catenin signaling stimulates tissue remodeling, cell migration, and wound closure (through Cox-2/PGE 2 or MMP) or tissue remodeling and destruction (through MMPs, IL-1, IL-6, IL-8, IL-15, MCP-1, TNF-␣, ICAM1 or TGF-␤) (124) . Wnt binding to cognate Frizzled (Fzd) receptors results in GSK-3␤ phosphorylation, inactivating GSK-3␤, and the cytosolic accumulation of ␤-catenin, which then translocates to the nucleus and participates in lymphoid enhancer factor/T cell factor-p300 (LEF/ TCF-p300)-dependent gene transcription (124, 191) . MMPs proteolytically degrade basement membrane, facilitating cell migration, and are key activators of TGF-␤. This activation directly or indirectly stimulates many of the proinflammatory cytokines (e.g., IL-1) that participate in inflammation-mediated tissue destruction and elaboration of ECM and thickened hyaline membranes. Wnt/␤-catenin signaling has also been shown to regulate the stem cell hierarchy in the renewal of lung epithelium (137) . However, a recent study used a targeted knockout strategy in bronchiolar epithelium and found that ␤-catenin was not required for maintenance and repair following naphthalene-induced airway injury (202) . It is important to recognize that Wnt/␤-catenin signaling has been documented to vary in different tissues and contexts (stage of development, receptor binding, pathway) (13, 15, 21, 108) , and there are still many unresolved questions regarding the role of Wnt/␤-catenin both in development and in repair mechanisms.
TGF-␤ signaling is complex in repair. Because of its multifunctional roles in development, inflammation, wound repair, cell proliferation, and differentiation, the role of TGF-␤ in lung epithelial repair mechanisms is both complex and controversial. TGF-␤ is both a potent immunosuppressor and proinflammatory. TGF-␤-induced target genes include connective tissue growth factor (CTGF), ␣-smooth muscle actin (␣-SMA), collagen 1a2 (col1a2), and PAI-2 (serpine 2) (reviewed in Ref. 191) . Several of these gene products elaborate connective tissue and ␣-smooth muscle actin, the expression of which is a hallmark of cells that differentiate into myofibroblasts via the epithelial-mesenchymal transition (EMT, described below). Two early studies suggested that TGF-␤ stimulated cell migration of cultured rabbit tracheal epithelial cells (7) and 16HBE14o-cells (68), but cell proliferation was reduced in the former study. Another group demonstrated that TGF-␤ stimulated airway epithelial wound repair in vitro by upregulating MMP-2 and altering the matrix upon which cells migrated (90) . Migration was also stimulated by TGF-␤ in A549 cells and primary mouse ATII cells in a Smad-3-and transgelindependent manner (197) . TGF-␤ was also shown to accelerate rat ATII scratch wound repair through Smad-dependent signaling (14) . In contrast, Spurzem and collaborators (157) found that TGF-␤ inhibited epithelial sheet migration of bovine bronchial epithelial cells. In addition, Neurohr et al. (112) showed that wounding of primary airway epithelial cells induced activation of TGF-␤ through integrins ␣ v ␤ 6 and ␣ v ␤ 8 , and that cell migration was inhibited by exogenous TGF-␤ and stimulated by antibodies against TGF-␤ or ␣ v ␤ 8 . These contrasting effects of TGF-␤ may be due to differences in cell origin (airway vs. alveolar, transformed vs. primary, human vs. rodent), differences in matrix or integrin expression, or differences in concentration-dependent responses.
Epithelial-mesenchymal transition. Defining the role of TGF-␤ in epithelial repair mechanisms is further complicated by its role in EMT (reviewed more extensively in Ref. 191) . EMT involves the conversion of differentiated epithelial cells into fibroblasts and myofibroblasts that occurs normally during development, but in aberrant wound repair processes, EMT may lead to fibrosis and scarring. TGF-␤ has been identified as a "master switch" in the induction of EMT in several tissues including the lung, and, specifically, together with ␤-catenin, in ATII cells (82) . EMT occurs in cancer metastasis and fibrosis and in human idiopathic pulmonary fibrosis (IPF) (81, 82) . MMP7 found on the surface of lung epithelial cells (17) is one of several MMPs that activate TGF-␤, and is known to be a key mediator of pulmonary fibrosis and IPF. Chen et al. (17) found that MMP7 promoted inflammation early in the injury response (via shedding syndecan-1/KC complexes), enhanced cell migration and wound closure, and later, in adaptive immune responses, facilitated shedding of E-cadherin. EMT is accompanied by loss of E-cadherin (191) , which leads to the disassembly of adherens junctions and impaired cell-cell contacts preceding cell migration. The TGF-␤ inhibitors Smad7 or BMP7 can inhibit EMT (191) . Although recent studies have identified several mediators and pathways involved in EMT and its dysregulation, a more complete understanding of these processes and how aberrant repair results in fibrosis and scarring in the lungs is needed.
Mechanical Forces
Both repair mechanisms following injury and normal epithelial turnover occur within an environment and upon a substrate that is undergoing cyclic mechanical deformation. Epithelial repair is a dynamic process involving cell spreading and cell migration in the early stages, and these processes inherently involve biomechanics: cytoskeletal remodeling, adhesion/loss of adhesion, generation of force/relaxation, cell locomotion, etc. Furthermore, as discussed above, the role of interactions between mechanical and biochemical signals in the lung is not well understood. This is particularly important in light of the potential for alterations in repair in diseases that involve changes in lung mechanics such as IPF, asthma, and COPD. In addition, patients with ALI placed on mechanical ventilators may experience elevated levels of mechanical distention that may contribute to injury or affect repair mechanisms. To investigate the latter possibility in vitro, we used cell lines (Calu-3, 1HAEo-) and primary cultures of human bronchial epithelial cells to demonstrate that both cyclic stretch and cyclic compression significantly inhibited wound closure by inhibiting cell spreading and cell migration (148) . Inhibition was dependent on the magnitude of mechanical strain, and, interestingly, the extent of inhibition was dependent on the duration of strain during each cycle and not specifically the frequency of stretch. In contrast to the inhibitory effects on spreading and migration, mechanical stretch and compression were shown to stimulate BrdU incorporation in wounded bronchial epithelial cells in culture (146) . We later showed that treatment with KGF abrogated the inhibitory effects of mechanical strain on wound repair by promoting spreading and migration (181) . More recently, we demonstrated that mechanical stretch of wounded 16HBE14o-cells caused loss of focal adhesion kinase (FAK) phosphorylation, dissociation of JIP-3 (JNK-interacting protein 3) from FAK, and decreased activation of JNK (32) . We also found that ATII cells isolated from rats following 2 h of high tidal volume mechanical ventilation (25 ml/kg with 50% oxygen) exhibited decreased phosphorylation of FAK and paxillin, increased RhoA activity, and decreased cell adhesion (30) . Wound repair of cultured rat ATII cells was inhibited by adenoviral expression of a kinaseinactive from of FAK (FRNK), whereas repair was stimulated by overexpression of wild-type FAK. We also found that cyclic stretch of rat ATII cells caused decreased wound repair through mechanisms involving decreased Tiam1-mediated Rac1 activity (29) . Although it is well-recognized that there are spatial variations in the localization and activity of Rho GTPases, focal adhesion, and other signaling molecules during coordinated cell migration, the relationship between these dynamic processes and the local mechanical properties of the cells are less well understood. Atomic force microscopy was used to demonstrate that the elastic modulus of 16HBE14o-cells varied markedly in cells migrating at the wound edge and that cell stiffness was significantly increased between 10 and 15 m from the wound edge and significantly decreased within the first 5 m (175). These results suggest that epithelial repair mechanisms may in part be directed by changes in localized mechanical properties. In addition to inhibitory effects on early processes of epithelial restitution, mechanical forces may also negatively impact epithelial repair in other ways. Several groups have demonstrated that mechanical stretch of cells in culture or high tidal volume in vivo causes ATII cell injury (173, 174) , apoptosis (59, 60) , and necrosis (16, 166) . However, the interplay between mechanical and biochemical signaling during repair processes in vivo has not been extensively studied.
Conclusions and Future Directions
This survey of the current knowledge of mechanisms of lung epithelial repair illustrates some of the complexities of this field and points toward some of the challenges for future research. Clearly there is a need for advancements in methods that can be used to examine epithelial repair mechanisms in vivo. Approaches involving lineage tracking and in situ visualization coupled with transgenic mouse models will be useful in the detailed identification and characterization of resident progenitor and stem cells in discrete, and in some cases sequestered, regions of the lung. These approaches may also be useful for investigating how persistent injury or inflammation can lead to different pathologies depending on the site of injury (airway vs. alveolar). Differences in gene profiles in epithelial cells from patient samples may help us to understand why repeated exposure to cigarette smoke progresses to COPD in some, but not all, smokers. Similar genetic profiling from epithelial cells of asthmatics may provide clues about the importance of chronic epithelial injury and repair in the pathogenesis of asthma. Another major challenge is to determine the source, mechanisms of recruitment and engraftment, and the regulation of differentiation of BMSC. The development of improved methods for the isolation, identification, and characterization of these cells will be required, and it will be important to translate these approaches into studies of human cells. While numerous factors involved in epithelial migration, spreading, and proliferation have been identified from studies of cultured cells, there is a significant need for understanding how these varied and sometimes disparate signals are integrated into a coordinated response. This will require increased understanding of the source of the mediators, the pathways that become activated, the timing of their activation, their spatial targeting, and the factors that regulate their responsiveness. For example, the role of TGF-␤ in epithelial repair appears to depend on the context and site of the injury, and the factors that lead to dysregulated EMT and fibrosis have not been clearly elucidated. More universal challenges include increasing our understanding of the regulation of matrix and its role in regulating repair, the examination of how signaling pathways vary spatially within cells to regulate migration and spreading, and the determination of how changes in localized mechanical forces and tissue properties alter repair mechanisms. As we have attempted to describe, there have recently been many exciting and important revelations in this field, but many unanswered questions remain, and a comprehensive understanding of epithelial repair in the lungs is still far from complete.
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